The notch-fatigue limit and notch sensitivity of 0.1-0.6%C-1.5%Si-1.5%Mn transformation-induced plasticity (TRIP)-aided martensitic steels (TM steels) were investigated for use as common rails in nextgeneration automotive diesel engines. Also, these properties were related to the microstructural and retained austenite characteristics. When TM steels containing 0.2% to 0.4% C were subjected to heat treatment for isothermal transformation at 50°C and subsequent partitioning at 250°C, the steels achieved much higher notch-fatigue limits and lower notch sensitivities than those of conventional 0.2-0.4%C-1.0%Cr-0.2%Mo structural steels. This was principally associated with (i) plastic relaxation of localized stress concentration as a result of strain-induced transformation of 3-5 vol% metastable retained austenite and (ii) a large amount of finely dispersed martensite-austenite phase along prior austenitic, packet and block boundaries, as well as (iii) a small amount of carbide only in the wide lath-martensite structure, which may contribute to making fatigue crack initiation and/or propagation difficult.
Introduction
For the past decade, second-and third-generation advanced high-strength steels such as 5-25%Mn transformationinduced plasticity (TRIP)/twinning-induced plasticity steels, [1] [2] [3] C-Si-Mn quench and partitioning steels, 4) and CSi-Mn TRIP-aided bainitic ferrite (TBF) steels 5, 6) have been developed to reduce the weight of automotive bodies in white and to improve impact safety. In order to enhance the tensile strength further, C-Si-Mn ultrahigh-strength TRIPaided steels with a martensitic matrix (TRIP-aided martensitic steel; TM steel) [7] [8] [9] have recently been developed for automotive applications. These TM steels can be produced by an isothermal transformation (IT) process below the martensite-finish temperature (M f ) after austenitizing and a subsequent partitioning (P) process at temperatures below 350°C (hereafter a combination of the IT and P processes is called an ITP process). Resultantly, the TM steels are characterized not only by good sheet formability, but also by high impact toughness 10) and fracture toughness. 11) If the TM steel possesses a high notchfatigue strength, it has potential applications such as in precision driving parts and in ultrahigh-pressure common rails for diesel engines. However, such a notch-fatigue strength has not yet been investigated.
In the present study, the notch-fatigue properties of 0.1-0.6%C-1.5%Si-1.5%Mn TM steels were investigated and compared with those of commercial Cr-Mo-containing structural steels (SCM420, SCM435 and SCM440 steels). In addition, the notch-fatigue limit and notch sensitivity were related to metallurgical factors such as microstructural and retained austenite characteristics.
Experimental Procedure
In the current work, five kinds of steel bars, A-E, with different carbon contents were prepared by vacuum melting, followed by hot forging and hot rolling to a diameter of 13 mm. The chemical compositions and estimated martensitestart temperatures (M s s) 12) are listed in Table 1 . For comparison, commercial SCM420 (steel F) and SCM435 (steel G) steel bars, and a vacuum-melted SCM440 (steel H) steel bar of diameter 13 mm were used.
After smooth and notched specimens for tension and fatigue tests (Fig. 1) were machined from these steel bars, the ITP process illustrated in Fig. 2 (isothermal transformation at T IT = 50°C and then partitioning at T P = 250°C) was conducted in salt baths for steels A-E. Partitioning was conducted for further carbon-enrichment in the retained austenite. For steels F-H, quenching in oil at 50°C after austenitizing at 900°C and then tempering at 200 to 600°C for 3 600 s were carried out.
The retained austenite characteristics of steels A-E were investigated by X-ray diffractometry. The specimens were electro-polished after grinding with Emery paper (#1200). The volume fraction of retained austenite ( f γ , vol%) was quantified from the integrated intensity of the (200)α, (211)α, (200)γ, (220)γ and (311)γ X-ray diffraction peaks, using Mo-Kα radiation.
13) The carbon concentration (C γ , ISIJ International, Vol. 53 (2013), No. 8 mass%) was estimated from the empirical equation 14) shown below. In this case, the lattice constant (aγ , × 0.1 nm) was measured from the (200)γ, (220)γ and (311)γ peaks using Cu-Kα radiation. where %Mnγ, %Niγ, %Crγ, %Nγ, %Alγ, %Coγ, %Cuγ, %Moγ, %Nbγ, %Tiγ, %Vγ and %Wγ represent the concentrations of individual elements (mass%) in retained austenite. As an approximation, the added contents of the above alloying elements were substituted for these concentrations in this study.
The microstructures of the steels were observed using a field-emission scanning electron microscope (FE-SEM) with electron backscattering diffraction (EBSD) system and a transmission electron microscope. Samples for FE-SEM-EBSD analysis taken from the grip section of the tensile and fatigue specimens were ground using colloidal silicon after alumina grinding. The volume fraction of the second phase was estimated from the SEM image and the image quality map from EBSD analysis. Vickers hardness tests were carried out using a micro Vickers hardness tester (load: 0.98 N) at 25°C.
The surfaces of all the specimens for tension and fatigue tests were ground using #600 Emery paper before testing. Tension tests were conducted using a tensile testing machine (AG-10TD; Shimadzu Co., Japan) at 25°C and at a crosshead speed of 1 mm/min. In order to measure precisely yield stress (0.2% offset proof stress), strain gauge (gauge length: 10 mm, Kyowa Electronic Instruments Co., Ltd) was attached on surface of specimen. The displacement was measured from the position of the cross head and the load was measured by the load cell. Fatigue tests were carried out using a multitype fatigue testing machine (PMF4-10; Takes-Group Ltd., Japan) at 25°C, with a sinusoidal wave of 80 Hz. The stress ratio, defined as the ratio of minimum stress (σmin) to maximum stress (σ max) was R = 0.1 (Fig. 3) . The fatigue limit was defined by the maximum value of the stress amplitude (σ R = σmax -σmin) without failure up to 1.0 × 10 7 cycles. Figure 4 shows image quality (IQ) maps and orientation With increasing carbon content, block size decreases and the blocky second phase fraction increases. Also, most of the retained austenite phases are very fine and exist mainly in the blocky second phase. The microstructures of steels F-H also consist of a wide lath-martensite structure matrix and a blocky second phase, like steel B-E. However, the steels F-H are characterized by an absence of the retained austenite. As shown in Fig. 5(a) , a large amount of fine and needleshaped carbide seems to precipitate only in the wider lathmartensite structure. It is expected that the needle-shaped carbides are precipitated by auto-tempering on quenching. Most of the blocky second phases are found to consist of narrow lath-martensite structures and retained austenite (Fig. 5(b) ). Although the retained austenite morphology in the blocky second phase is indistinct, it seems that the retained austenite, observed as a dotted phase in the second phase (Figs. 4(a)-4(c) ) is located along the narrow lathmartensite boundary. These results suggest that the blocky second phase seems to a martensite-austenite constituent or phase which is observed in martensitic steel of the prior studies. 9, 16) Hereafter, the blocky second phase is called an "M-A like phase". Figure 6 shows the variations in the initial volume fraction and carbon concentration of the retained austenite and volume fractions of the M-A like phase and carbide, as a function of the carbon content in steels A-E. It is seen in Fig. 6 (a) that the carbon concentration reaches peak value in steels B and C. Note that the carbon concentrations in steels D and E are lower than the added carbon contents. In contrast, the volume fraction of retained austenite increases with increasing carbon content. In particular, steel E has a significant volume fraction of retained austenite.
Results

Microstructure and Retained Austenite Characteristics
The volume fraction of the M-A like phase increases monotonically with increasing carbon content (Fig. 6(b) ). However, the volume fraction of carbide becomes maximum in steel B, although the carbide fraction ( fθ = 1.77 vol%) is much lower than that (4.20 vol%) in steel F. Figure 7 shows flow curves of smooth and notched specimens of steels A-E. Table 2 shows the Vickers hardness and tensile properties of these steels. The Vickers hardness values of steels A-E are between HV284 and HV717, and increase with increasing carbon content. Similarly, both the yield stress or 0.2% offset proof stress and tensile strength increase with increasing carbon content. In contrast, the total elongation decreases with increasing carbon content, except for steel E.
Vickers Hardness and Tensile Properties
The notch-tensile strength (TSN) increases with increasing carbon content in the same way as the tensile strength (TS). As a result, steels B-D exhibit high notch-tensile strength ratios (NSR = TSN/TS), except for steels A and E, although these notch-tensile strength ratios are somewhat lower than those of steels F-H. 17) 3.3. Notch-Fatigue Limit and Notch Sensitivity for Fatigue Figure 8 shows stress amplitude-number of cycles (S-N) curves of steels A-E. Figure 9 shows the fatigue limits of smooth and notched specimens and the "notch sensitivity factor q", 18) defined by the following equation: (2) where Kf and Kt are the fatigue-notch factor (= FL/FLN) and stress concentration factor (1.7 in this study), respectively. The fatigue limits of both smooth and notched specimens increase linearly with carbon content (or Vickers hardness) in steels A-D. The notch sensitivity becomes minimum in steel C. When the notch-fatigue limits of steels B-D were compared with those of steels F-H, they were found to be higher and the notch sensitivities were lower. Figure 10 (a) shows a typical SEM image of a fatigue crack on a notch root surface of steel D failured at Nf = 5.0 × 10 4 cycles. The fatigue crack is originated mainly in the wide lath-martensite structure. Also, propagation of the crack is disturbed by the M-A like phase. In this case, inclusions such as Al2O3 are not likely to be crack initiation sites at the surface in the current study (Fig. 10(b) ). Kobayashi et al., 9) the microstructural changes in TM steels subjected to an ITP process at temperatures lower than the M f temperature can be illustrated as shown in Fig. 11(d) , and summarized as follows.
Stages 1-3: When the steel is cooled to a T 3 temperature lower than the M s temperature, the austenite first transforms to a wide lath-martensite structure (stages 2-3 in Figs. 11(a), 11(c) and 11(d) ). In this stage, carbide does not precipitate in the wide lath-martensite structure. According to Koistinen and Marburger, 19) the amount of wide lath- where A and B are material's constants. Stages 3-5: On subsequent continuous cooling to the isothermal transformation temperature (T IT = 50°C) below the M f temperature, the wide lath-martensite structure is autotempered, that is, a small amount of carbide precipitates only in the wider lath-martensite structure. Simultaneously, some supersaturated solute carbon diffuses into the untransformed austenite. Then, most of the untransformed austenite is transformed into a narrow lath-martensite structure, with a little retained austenite on the lath boundary (stages 3-5 in Figs. 11(c) and 11(d) ). No carbide precipitates in the narrow lath-martensite structure.
Stages 5-7: During isothermal transformation holding, supersaturated solute carbon in wide and narrow lath-martensite structures diffuses into the retained austenite (stages 5-7 in Fig. 11(d) ).
Stages 8-11: The retained austenite phase is further carbon-enriched by diffusion of supersaturated carbon in the wide and narrow lath-martensite structures, without further carbide precipitation in these lath-martensite structures and a decrease in the retained austenite volume fraction.
As shown in Figs. 4 and 6 and Table 2 , the volume fraction of the M-A like phase increased with increasing carbon content in steels B-D, with refining of the wide lath-martensite structure and a small increase in the retained austenite fraction. The carbon concentration of the retained austenite and carbide fractions became maximum in steels B and C. In general, the higher the carbon content (the lower the Ms temperature) of a steel, the greater the increase in the volume fraction of untransformed austenite, accompanied by a subsequent increase in the M-A like phase fraction (Fig.  11(b) ), as well as a decrease in the carbide fraction in the wide lath-martensite. This may control the volume fraction of the M-A like phase in steels B-D, leading to a high carbon concentration in the retained austenite and carbide fractions in steels B and C. The decreased carbon concentrations of the retained austenite in steels D and E may be influenced by transformation expansion strain of narrow lath-martensite surrounding the retained austenite, which reduces the lattice constant of the retained austenite.
Low Notch-Tensile Strength Ratios of Steels B-D
According to Majima et al., 20) the notch-tensile strength ratio of a ductile metal is mainly controlled by two primary factors, namely (i) the stress triaxiality factor and (ii) the ratio of local elongation to total elongation (LEl/TEl). The larger the values of these two factors, the higher the notchtensile strength ratio because of an increase in plastic notch constraint. Figure 12(a) shows the notch-tensile strength ratios of steels A-D and steels F-H as a function of LEl/ TEl, with those of 0.2%C-1.5%Si-1.5%Mn-0-1.0%Cr-0-0.2%Mo-0-1.5%Ni-0.05%Nb TBF steels. 17) In the figure, these notch-tensile strength ratios tend to increase with increasing LEl/TEl, although steel A exhibits a lower notchtensile strength ratio. So, it is considered that the higher notch-tensile strength ratios of steels B-D are caused by larger LEl/TEl values under a constant stress triaxiality factor, similar to steels F-H and the TBF steels.
If the above-mentioned notch-tensile strength ratios are plotted as a function of Vickers hardness, steels A-D belong to a group with lower notch-tensile strength ratios than steels F-H, in the same way as for the TBF steels (Fig.  12(b) ). This result indicates that the retained austenite in the M-A like phase plays a role in reducing the notch-tensile strength ratio through a plastic relaxation of the strain- induced transformation to martensite, as well as the softened wide lath-martensite, which increases the uniform elongation or decreases local elongation. In other words, it is expected that the strain-induced transformation of the retained austenite effectively relaxes triaxial plastic notch constraint in steels B-D.
High Notch-Fatigue Limits of Steels B-D
In general, the notch-fatigue limit of a conventional ultrahigh-strength structural steel is saturated in the high Vickers hardness range, as shown in steels F-H (Fig. 9(a) ). However, the notch-fatigue limits of steels B and D linearly increased with Vickers hardness, even in the Vickers hardness range between HV457 and HV600.
In section 4.2, it was suggested that the strain-induced transformation of the retained austenite plastically relaxes a triaxial plastic notch constraint in steels B-D, compared with steels F-H. In addition, the growth of fatigue cracks was disturbed by the blocky M-A like phase, as shown in Fig. 10(a) . According to Knott, 21) the plastic zone size (dY) at a small crack tip can be estimated using the following equation, (4) where K is the stress intensity factor, defined by σ (π c)
, σ is the applied stress, and c is the crack length. In steel D, the plastic zone size is estimated to be about 4.0 μm if the fatigue crack length at the first stage is 2c = 30 μm, equivalent to the prior austenitic grain size, and the applied stress is the maximum stress (σ = σ max = FL/0.9 = 1 444 MPa), corresponding to the fatigue limit. The plastic zone always includes some retained austenite particles in M-A like phase (see Fig. 13 ) because the interparticle path of M-A like phase is 0.5-2.0 μm (Fig. 4(b) ). Therefore, the plastic relaxation by the strain-induced transformation of retained austenite can be expected to take place always in the plastic zone during fatigue deformation. From these facts and the metallurgical characteristics of steels B-D, it is considered that the followings contribute to the high notch-fatigue limit and low notch sensitivity through the suppression of crack initiation and propagation in steels B-D:
(1) a plastic relaxation of localized stress concentration as a result of the strain-induced transformation of 3-5 vol% metastable retained austenite; (2) a large amount of finely dispersed M-A like phase along prior austenitic, packet and block boundaries; (3) a small amount of carbide, precipitated only in the wide lath-martensites structure In (1), the transformed martensite also decreases the triaxial plastic notch constraint and plays a role in suppressing crack initiation and propagation. Regarding (2), a difference in flow stress between the wide lath-martensite structure and the M-A like phase may produce a high compressive longrange internal stress in the wide lath-martensite structure matrix, suppressing crack initiation. 22) Factor (3) decreases the number of crack initiation cites and therefore suppresses crack initiation.
According to previous studies, 8, 11) the mechanical stability of retained austenite in TM steels is hardly influenced by the carbon concentration, because most of the retained austenite phases are surrounded or constrained by hard narrow lath-martensite structures. So, a high volume fraction of retained austenite in steels B-D may further increase the contribution of (1) to fatigue deformation.
Conclusions
The notch-fatigue strengths and notch sensitivities of 0.1-0.6%C-1.5%Si-1.5%Mn TM steels were investigated for automotive applications. Also, the notch-fatigue properties were related to the microstructural and retained austenite characteristics. The main results are summarized as follows.
(1) If TM steels containing 0.2%, 0.3% or 0.4%C were subjected to an ITP process, consisting of isothermal transformation and partitioning processes, they achieved much higher notch-fatigue limits and lower notch sensitivities than conventional 0.2-0.4%C-1.0%Cr-0.2%Mo structural steels without retained austenite.
(2) It was expected that high notch-fatigue limits were principally associated with (i) plastic relaxation of localized stress concentration as a result of the strain-induced transformation of 3-5 vol% metastable retained austenite and (ii) a large amount of finely dispersed M-A like phase along prior austenitic, packet and block boundaries, as well as (iii) a small amount of carbide only in the wide lath-martensite structure, which contribute to difficult fatigue crack initiation and/or propagation.
